Objectives Mean sojourn time (MST) and screening test sensitivity (STS), is usually estimated by Markov models using incidence data from the first screening round and the interval between screening examinations. However, several screening programmes do not have full registration of cancers submerging after screening, and increased use of opportunistic screening over time can raise questions regarding the quality of interval cancer registration. Methods/settings Based on the earlier used Markov model, formulas for expected number of cases given time since former screening activity was developed. Using questionnaire data for 336,533 women in the Norwegian Breast Cancer Screening Programme (NBCSP), mean square regression estimates of MST and STS were calculated.
INTRODUCTION
B reast cancer is difficult to prevent, but large-scale trials indicate that early treatment based on mammography screening is likely to reduce breast cancer mortality. 1, 2 As a result, mammography screening for early detection of breast cancer has become a standard health service in most developed nations.
Screening test sensitivity (STS) and the mean time in screening detectable phase, so-called mean sojourn time (MST), represent central parameters in the evaluation of screening procedures. 1, 3 Several methods are applied in the estimation of MST and STS, based on the increased incidence during screening and the reduced incidence after screening. 4 -8 Most studies have used Markov models, where tumours are assumed to move from 'no screening detectable breast cancer', to 'preclinical screening detectable breast cancer', to 'clinical detectable breast cancer', at constant rates.
The common Markov approach is based on the observed incidence increase during screening and following incidence reduction. It is important to distinguish between cancers that are detected as a result of screening and cancers that were clinically detected in the interval between screening examinations. The early randomized screening trials had reliable information about interval cancers, and the model gave acceptable fit to the observed data. 4 -6 However, recently launched public screening programmes are accompanied by unregistered opportunistic screening that makes ascertainment of (true) interval cancer much less reliable, and a recent study shows substantial difficulties with model fit. 9 Information on whether the breast cancers were diagnosed through routine screening or on the basis of clinical symptoms is included in the Norwegian breast cancer report form. Hence, it should, at least in theory, be possible to identify cancers detected at opportunistic screening for women with no previous symptoms. However, while the general cancer registration in Norway is of very high quality, the indication for mammography is often insufficient and sometimes incorrect. The Cancer Registry of Norway work towards mandatory reporting of screening at private institutes, but at present, reliable information regarding interval cancers is lacking. This as private mammography laboratories in practice perform both 'routine opportunistic screening' and clinical mammography based on symptoms.
During the last decade, new screening procedures, improved screening technology 10 and increased use of hormone replacement therapy (HRT) 11 are factors that may have changed MST and STS substantially. Consequently, there is increasing uncertainty regarding the current validity of using previous MST and STS estimates.
Since the previously used method may give biased estimates, 9 there is a need for more robust methods to estimate MST and STS. In addition, many screening programmes do not include complete registration of interval cancers, which further emphasizes the need for additional methods of estimating MST and STS that do not depend on information on interval cancers. Chen et al. (2000) 12 demonstrated that data from two screening rounds could be used to estimate MST and STS, and we will in this paper explore the possibility of using data from only one screening examination combined with questionnaire data on time since previous screening.
MATERIALS AND METHODS Data
In 1995, the Norwegian government initiated an organized population-based screening programme, 13 in which mammography results and interval cancer cases were carefully registered by the Cancer Registry of Norway. Initially, the Norwegian Breast Cancer Screening Programme (NBCSP) comprised four counties. Other counties were subsequently included, and by 2004 the screening programme achieved nation wide coverage. All women between 50 and 69 years of age receive a written invitation every second year, and at first attendance, each women is asked to answer a short questionnaire, including a question about time since previous screening ( private or public). Until now, approximately 94% of the women have filled in the questionnaire.
The two-view mammograms are independently evaluated by two readers. The present study includes screening data from 1995 through 2002. Overall, 78% of invited women participated during this period, resulting in 364,731 screened women 50-69 years of age. Among these women, 314,865 answered the question regarding former screening experience at their first attendance in the NBCSP and 113,238 reported no previous mammography. For an overview of the data used in the estimation, see Table 1 .
Generally, there are good opportunities for populationbased cancer research in Norway. A high quality Cancer Registry 14 and a unique personal identification number for each inhabitant in the country enable long-term follow-up of cancer incidence. Reporting of cancer is mandatory, and information is obtained independently from clinicians, pathologists and death reports.
To make results comparable with previous studies, 6, 7 we included all cases of ductal carcinoma in situ (DCIS) and all invasive breast cancer cases. Control estimations using only invasive cancer were done in order to study the effect of excluding DCIS. Only new primary breast cancers were included, and several tumours detected at the same time in one woman were counted as one case.
Estimation using time since previous screening
As for the earlier used method of estimating MST and STS, we assume a continuous time Markov model, 5,15 consisting of three stages; 'No screening detectable breast cancer', 'Preclinical screening detectable breast cancer' and 'Clinical detectable breast cancer' (Figure 1 ). This corresponds to a model where women move from one stage to the next at a constant rate, with no possibility of regress once the tumour is visible at screening. The assumption of constant transition intensities imply a substantial variation in sojourn times, and has given good model fit in several earlier mammography screening studies. 4,6 -8 In practice, the proportion of positive mammograms will vary with time since previous screening, as some of the potential cancers will already have been detected at the previous screening. With increasing time since previous screening, the size of the reduction decreases, as fewer of the preclinical cancers were visible on the previous screening. With lower MST, the effect of the previous screening disappears faster, and we would suspect a steeper increase in the proportion of positive mammograms with time since previous screening. On the other hand, a high MST would be suspected to give a more gradual increase in the proportion of positive mammograms with time since previous screening, as the proportion of tumours visible on the last screening decreases more gradually. Similarly, a high STS would be expected to give few cancer cases among recently screened women, since most cancer cases in preclinical detectable phase then was suspected to already have been found at the recent screening.
Using screening data with time since previous screening, it is possible to utilize the differences in the proportion of positive mammograms between groups with different time since previous screenings to estimate MST and STS. To estimate the expected number of cases, we use the conditional probability of having a screening detectable cancer given the previous screening history. As deduced in the Appendix I: practice equalling the expected cancer incidence without screening † t the age of the screened women
Since J is assumed known from other sources, we can estimate MST and STS using either non-linear regression or maximum likelihood estimation. As MST and STS are known to vary with age, 1 we have grouped our data into two age groups, estimating MST and STS separately for the two age groups. The data for each age group is given on the form
where i is an index for screening history group, x are the times since previous screening, n are the corresponding number of screened women and y the corresponding number of cases found at screening. Using this, the probability of detecting a tumour at screening becomes P Tumour detected at screening
if the given women has no earlier screening STSÁ e ÀlxÀJðtÀxÞ Àe ÀJt þðe Àlt Àe ÀJðtÀxÞÀlx ÞÁð1ÀSTSÞ e ÀlxÀJðtÀxÞ ÀlÁe ÀJt =J þðe Àlt Àe ÀJðtÀxÞÀlx ÞÁð1ÀSTSÞ if the given woman has been screened x years ago
and the expected number of cases, E i , in screening history group i, is
Tumour detected at screening Previous screening history of group i ð4Þ
Based on these formulas, MST and STS estimates are found by minimizing:
where y i is the observed number of cases and w i the weights in the non-linear regression. Using inverse variance weights, standardized to avoid estimation bias, the weights become:
Data handling
In the questionnaire, time since previous mammography was given in the categories 0-1, 1 -3, 3-5 and 5þ years. This format was not suitable for the estimation, so 0.67, 2, 4 and 6.5 years were chosen as appropriate representative points for each interval (i.e. the values of x i defined above). Other choices for representative points were also tested, to make sure that this choice did not substantially influence the results (data not shown). NBCSP offers screening to all women in the defined population, so no parallel control group is available to estimate incidence without screening. In addition, commitment to screening can, and probably does vary by individual risk factors, so women not attending are not considered a suitable control group. Hence, background incidence was calculated from historical data combined with an estimated time trend. In practice, incidence data from 1990 to 1994 were used with time trend estimates from a special age-period cohort model with additional screening parameters. This model has been described in detail by Møller et al. 16 Incidence rates vary among age groups and between counties, and the estimate was therefore weighted by the number of person years in each age group and county.
As for the previously used method that utilized the incidence of interval cancers, the assumed background incidence without screening (J ) is essential in the estimation. Hence, our estimated background incidence is important, but the strong increase in HRT use in the 1990s 17 (1990) (1991) (1992) (1993) (1994) to the estimation period (1996 -2002) , and this could have changed the historical trends significantly. Combining HRT sales figures and risk estimates found in Bakken et al., breast cancer incidence is estimated to increase 21% from our historical data to our estimation period due to increased HRT use. Hence, estimates were (when otherwise not noted) calculated with a 21%-added background incidence, to account for a probable increase in HRT use.
One possible problem when using time since previous screening in the analysis is potential bias caused by different frequencies of both opportunistic/private screening and breast cancer according to socioeconomic status. To evaluate the probable impact of this potential problem, adjusted estimates were calculated taking into account the observed differences in HRT use (ever), children (yes/no), number of children, age at first birth, alcohol consumption, education and county of residence, among women with and without a previous screening history. Calculations were done in a three-steep approach; first, the relationship between covariates and the risk of breast cancer among women with no reported previous screening history was estimated, using logistic regression. Then an adjusted risk of breast cancer for women without previous screening history was calculated, combining the estimated covariate coefficients with the distribution of covariates among women with and without a previous screening history. Finally, the new adjusted level of breast cancer cases among women with no reported screening history was used to calculate adjusted MST and STS estimates.
In order to compare the new estimation method with the previously used method, estimates from Weedon-Fekjaer et al. (2005) have been included in Table 2 .
Estimation of model parameters
Parameters are estimated using non-linear weighted mean square regression. The main estimates of MST and STS were given with robust 95% bias-corrected bootstrap confidence intervals (CI), calculated from 2000 bootstrap replications. For a validation of the model fit, observed versus expected values were plotted. All calculations, simulations and figures were performed using the R statistical package. (R Development Core Team [see http://www.r-project.org/ contributors]). 18 
RESULTS
MST was estimated to 5.6 years for women aged 50-59 years, and 6.9 years for women aged 60-69 years ( Table 2) , and STS was estimated to 55% and 60%, respectively. Comparing the new estimates with estimates based on the number of interval cancers, MST estimates were 1.7 years higher for women 50-59 years and 1.9 years higher for women 60-69 years, with both CIs overlapping (slightly) with results from the previously used method. As for STS, there were substantial differences, with STS for women 50-59 years of 55% versus 75% with the previously used method based on interval cancers, and for women 60-69 years 60 % versus 85 %, respectively.
The earlier estimation method, using number of interval cancers, gave only moderate fit to the observed NBCSP data, 9 while the new method using time since previous screening fitted well to the observed data ( Figure 2 ).
Without the assumed 21%-added background incidence due to increased HRT use (Table 3) , MST estimates increased from 5.6 to 7.2 years for women aged 50-59 years and from 6.9 years to 8.6 years for women aged 60-69 years. The corresponding STS decreased to 52% and 58% for the two age groups. Excluding DCIS cases, MST was estimated to 4.7 years for women 50-59 years of age and 6.0 years for women in the age group 60-69 years, while STS estimates remained constant. Adjusting for different risk factors among women with and without previous opportunistic screening had little effect on the estimated values ( Table 3) .
DISCUSSION
Most previous studies of MST and STS have used the Markov model approach of estimation by number of cancer cases at first attendance and in the interval between screening examinations. 1, 7, 19 However, given the recent increase in opportunistic screening between ordinary screening rounds, the usefulness of the model may be questioned, and Weedon-Fekjaer et al. (2005) found only moderate fit to the observed NBCSP data. To solve the problems caused by unregistered opportunistic screening, a new approach using time since previous screening is suggested. Applied to the NBCSP data-set, the model gave good fit to the observed data ( Figure 2 ), and the method seems to be a good supplement for the previously used method. The new approach requires good quality questionnaire data about time since previous screening, but allows MST and STS estimation in screening programmes without registration of interval cancer cases. As in Chen et al. 12 there is no need of information regarding interval cancer, and in addition only data from one screening examinational can be used in populations with widespread non-registered screening.
Based on the previously used method and the Swedish two county study data, 1 Tabar et al. (1995) estimated MST to around 3.5 years and STS to 92-94%, both estimates increasing with age. Compared with the Swedish Two County study and several other studies, 1, 4, 19, 20 Weedon-Fekjaer et al. (2005) found significantly higher MST and lower STS in the NBCSP. When adjusting for a higher incidence due to increased HRT use, MST in the NBCSP programme was estimated to 3.9 years for women aged 50-59 years and 5.0 years for women aged 60-69 years, and the corresponding STS was estimated to 75% and 85%, respectively. The authors suggested that some of these differences could be attributed to bias due to opportunistic screening, but the new estimating method presented here confirms the long MST and low STS, without the problem of bias from opportunistic screening.
As MST and STS often are highly correlated in the simulations estimation of these Markov models, 7 it could be suggested that a higher STS and lower MST could explain the observed data. Locking STS to 90%, MST decreases towards values observed in earlier studies, but with a considerable loss of model fit (Figure 3) .
However, the new method could also be subject to bias, especially by variations in STS over time, as one assumption of the new method is constant STS over time. If the sensitivity of the screening test increases, the estimated STS for the new test will be too low. Usually, bias due to variation in STS would only constitute a minor problem in breast cancer mammography screening, since STS changes slowly over time, but new screening methods and routines could in some situations bias the estimates. One example is digital mammography, but use of digital mammograms in Norway was limited during the study period. A related problem is possible systematic differences in STS between the official screening programme and the previous screening tests conducted outside the programme. In Norway, this may explain the lower STS estimates seen with the new method, since a substantial part of previous mammograms were conducted by private practitioners with a possibly different set of routines than the public screening programme.
Generally, with STS varying from previous to present screening, STS estimates using time since last screening can be seen as a compromise between previous and present STS. On the other hand, STS estimates based on the number of interval cancers only estimate the present STS. As for MST, the estimate is in practice probably mostly based on the observed incidence at screening, combined with STS and the expected incidence in the absence of screening. With lower STS estimates, MST estimates will probably also be biased (upward). Hence, the approach using time since last screening should mainly be used when there are no indications of considerable changes in STS over time.
Probably the most problematic assumption is the estimated breast cancer incidence without screening. Removing the correction for a likely increase in breast cancer incidence due to more HRT use, MST increased considerably while STS increased slightly. Hence, the longer MST and low STS could not be an effect of an over correction. Still, the effect of HRT could be even higher than assumed, but it is not likely to explain all the observed differences from earlier screening programmes/trails.
As there is some uncertainties regarding both the assumed constant STS and the assumed background incidence without screening, two model extensions taking into account these possible departures were tested. As shown in appendix II, a change in STS from the previous tests is impossible to separate from a change in the assumed background incidence without screening. Hence, the details of these calculations must be interpreted with great care. However, the long MST and low STS of both models further confirm a possible change in MST and STS compared with earlier screening programmes/trials (Table 4) .
Another possible bias could come from non-progressive (or regressive) cancers. Earlier studies of MST and STS have assumed only progressive cancers, 4 -8 and good model fit indicates that this is a minor problem with the new method. There are few reports of regression of invasive breast cancers, 21, 22 but there is uncertainty regarding noninvasive cancer DCIS. Some studies have suggested that only a small proportion of DCIS regresses, 23 but this question is currently under discussion. To explore the effect of possible regressive DCIS cases, special calculations excluding DCIS were performed. As shown in Table 3 , the effects of excluding DCIS on the estimated MST and STS were quite modest, yielding a slightly shorter MST and minor changes in sensitivity.
Since opportunistic screening is not uniformly distributed among different social groups, variations in the probability for earlier screening may correlate with different risk factors. It is conceivable that this could have biased our new estimates. However, adjustment for socioeconomic factors had only a negligible effect on the estimates ( Table 3) .
The increased MST implies that patients spend more time in the preclinical screening detectable phase, and may indicate an increase in screening efficiency. During the last years, substantial effort has been made to increase the quality 10, 24 of mammographic images and other aspects of mammography screening. These improvements have most likely resulted in earlier detection of tumours, and preliminary findings indicate that the NBCSP is successful in detecting small tumours. Compared with EU guidelines, the NBCSP performs well on tumour size, the proportion of detected DCIS cases, and the proportion of lymph node positive cases. 25 Comparing NBCSP with the Nijmegen and Utrecht trials, 20 the proportion of DCIS in the first screening round was 17% and 13%, respectively. Similarly, the proportion of invasive cancer cases 20 mm or larger in the first round was 19% for NBCSP, compared with 28% combined for the Nijmegen and Utrecht trials.
The low sensitivity may seem strange in the light of a possible increase in mammographic quality. However, one should note that sensitivity in these Markov models is not an absolute measure of quality, and that the expected number of diagnosed cancer cases at each screening round was actually higher than reported in most previous studies (illustrated by MST Â STS). Therefore, the new techniques may enable the detection of additional small tumours, but simultaneously yield low STS. Use of HRT is also known to reduce STS, 11, 26, 27 at least partly by increasing breast density. In Norway, the use of HRT was common during the study period, 17 and the reduced STS may, to a certain extent, be an effect of HRT, especially among women 50-59 years of age, in whom HRT use was highest. 28 To summarize, the new method using time since previous screening seems to be a good substitute for the previously used method of estimation based on number of interval cancer cases. The new method is robust against unregistered opportunistic screening, and gives good model fit to mammography screening data, but it is not recommendable to extend the model with additional parameters for either a change in STS over time or breast cancer incidence without screening. It requires information on time since last screening, but it does allow for estimation of MST and STS in screening programmes without registration of interval cancers. These analyses confirm estimates from Weedon-Fekjaer et al. (2005) , with higher MST and lower STS in the NBCSP compared with results from other mammography programmes or trials. New mammography methods have probably increased the number of tumours that may be detected at screening, while increasing use of HRT has probably reduced STS. This study is ( probably) the first to apply time since previous screening in the estimation of MST and STS, and we therefore encourage new studies on data from other programmes to verify our results. An implementation of the new method for the free R statistical package 18 is available at http://folk.uio.no/hfe/ software/estMSTprev/. For a given women, let X(t) be the state (0, 1 or 2) at age t, and define:
Applying Kolmogorov's equations, we deduce P(t) through standard differential equations and find that: 29 PðtÞ ¼ e ÀJt J Á ðe Àlt À e ÀJt Þ J À l 1 À J Á e Àlt À le ÀJt J À l 0 e Àlt 1 À e Àlt 0 0 1
Applying this, we get that: 
While this probability has been given in earlier articles, 6, 29 we will in this paper need the corresponding probability giving a previous screening at age t 2 x. Defining V as the event 'The tumour was not detected at the previous screening', the conditional probability can be written as:
P
Tumour detectable at screening A previous screening
¼ P 00 ðt À xÞP 01 ðxÞ þ P 01 ðt À xÞP 11 ðxÞð1 À STSÞ P 00 ðt À xÞðP 00 ðxÞ þ P 01 ðxÞÞ þ P 01 ðt À xÞP 11 ðxÞð1 À STSÞ ¼ e ÀlxÀJðtÀxÞ À e ÀJt þ ðe Àlt À e ÀJðtÀxÞÀlx Þ Á ð1 À STSÞ e ÀlxÀJðtÀxÞ À l Á e ÀJt =J þ ðe Àlt À e ÀJðtÀxÞÀlx Þ Á ð1 À STSÞ ð9Þ
An intuitive approximation
As an alternative to the precise probability calculations above, a good approximation can also be deduced using a slightly more intuitive approach. As each women has a probability of J of developing a screening detectable cancer each year, and each cancer has a mean time in preclinical screening detectable phase of 1/l, we get that:
P
Tumour detectable at screening No previous screening % J Á 1=l ð10Þ
Looking at the precise formula presented earlier in Equation 8, this is the limit as t ! 1 using that J , l.
For a woman with previous screening, this probability can be adjusted by subtracting the probability of having had a tumour found at previous screening that still would have been in preclinical screening detectable phase without the previous screening. Using the Markov property, a portion e 2lX of all cancer cases found at screening x years earlier would be expected to have remained in preclinical screening detectable phase. Hence, the probability of having a screening detectable tumour given a previous screening x years ago can be approximated by:
Looking at the precise formula presented earlier in Equation (9), this is a good approximation to the t ! 1 limit, since in practice J ,,l.
A recalculation of the numbers found in Table 2 and Table 3 , using this approximation, shows that MST estimates at the most changes 0.1 years, while STS estimates are within +1% age point (data not shown).
APPENDIX 2
Relation between models with additional parameters for STS of previous screening or a new parameter for the underlying breast cancer incidence without screening From Equations (11) and (4) 
Hence, we have shown that the ratio t ¼ STS 2 /STS 1 , between STS 1 and STS 2 , has the same effect on the (approximated) expected values as a multiplicative shift in J. In practice this implies that a model with separate STS for previous and present screenings, and a model with an added parameter for the underlying breast cancer incidence without screening, will have the same effect on the estimated MST and STS 1 .
